Oxidative stress and apoptosis can disrupt the bone formation activity of osteoblasts which can lead to osteoporosis. This study was conducted to investigate the effects of γ-tocotrienol on lipid peroxidation, antioxidant enzymes activities, and apoptosis of osteoblast exposed to hydrogen peroxide (H 2 O 2 ). Osteoblasts were treated with 1, 10, and 100 μM of γ-tocotrienol for 24 hours before being exposed to 490 μM (IC 50 ) H 2 O 2 for 2 hours. Results showed that γ-tocotrienol prevented the malondialdehyde (MDA) elevation induced by H 2 O 2 in a dose-dependent manner. As for the antioxidant enzymes assays, all doses of γ-tocotrienol were able to prevent the reduction in SOD and CAT activities, but only the dose of 1 μM of GTT was able to prevent the reduction in GPx. As for the apoptosis assays, γ-tocotrienol was able to reduce apoptosis at the dose of 1 and 10 μM. However, the dose of 100 μM of γ-tocotrienol induced an even higher apoptosis than H 2 O 2 . In conclusion, low doses of γ-tocotrienol offered protection for osteoblasts against H 2 O 2 toxicity, but itself caused toxicity at the high doses.
Introduction
Bone is a dynamic organ that carries out major functions of the body, which include maintenance of the mechanical integrity, body support, and regulation of mineral homeostasis. Bone is continually being resorped by osteoclasts and formed by osteoblasts to maintain bone volume and calcium and phosphorus homeostasis. The balance between bone formation and resorption is known as bone remodeling. If the balance is disturbed, the volume and quality of bone will be adversely affected, as in the case of osteoporosis.
Many studies and lines of evidence have linked oxidative stress to the pathogenesis of osteoporosis. Basu et al. [1] reported that there was a biochemical link between increased oxidative stress and decreased bone mineral density (BMD) in aged men and women. Maggio et al. [2] found that there was a significant decrease of plasma antioxidant levels for elderly women who have osteoporosis. Lean et al. [3] found that the thiol antioxidants in osteoclasts were lowered during estrogen deficiency. Oxidative stress may lead to bone loss by promoting lipid peroxidation [4, 5] , lowering antioxidant enzymes [5] , and promoting apoptosis of osteoblasts [6] . Several osteoporosis risk factors, such as smoking [7] , hypertension [8] , and diabetes mellitus [9] , were related to oxidative stress.
Osteoblasts are important cells that are responsible for bone formation. Any reduction in the number or function of these cells to synthesize new bone matrix may result in osteoporosis [10, 11] . Several studies have shown that free radicals and reactive oxygen species (ROS) can affect the growth and function of these cells. Mody et al. [12] and Mogi et al. [13] showed that osteoblasts can produce ROS such as nitrogen oxide (NO) and hydrogen peroxide (H 2 O 2 ) in response to inflammatory cytokines. These ROS may 2 Evidence-Based Complementary and Alternative Medicine initiate lipid peroxidation [14] , reduce antioxidant enzymes [15] , and induce osteoblast apoptosis [16, 17] . These may adversely affect osteoblast numbers at bone formation site [18] and may contribute to bone loss [18, 19] .
There is now a tendency towards the application of antioxidants in the protection and treatment of oxidative stress-related diseases. Vitamin E is a powerful biological antioxidant [20] with the ability to protect bone cells from the damages caused by lipid peroxidation [21] . Tocotrienols, the minor isomers of vitamin E, have gained scientific interest with the recent reports that they have better therapeutic potential than tocopherols [22] . Tocotrienols are the main constituent of vitamin E in palm oil Elaeis guineensis, and palm oil is the best source of tocotrienols, with 800 mg of tocotrienols for every kilogram of the crude oil [23] . γ-tocotrienol is the most abundant isomer in palm oil, making up 49% of vitamin E [24] .
In bone studies, when the two types of vitamin E were compared in animal osteoporosis models, tocotrienol isomers were found to have better bone-protective effects than α-tocopherol. Norazlina et al. [25] have shown that tocotrienols were able to reverse bone loss induced by nicotine in rats. Palm oil-derived tocotrienols have also shown potential as prophylactic agents in prevention of glucocorticoid-induced osteoporosis in adrenalectomized rat [26] . The bone-protective mechanism of vitamin E was thought to be contributed by its antioxidant property. This was confirmed by a study which found that vitamin E especially tocotrienols protected rat bones against damage caused by free radicals released by an oxidizing agent [27] . Hermizi et al. [28] showed that γ-tocotrienol not only reversed nicotine-induced osteoporosis better than tocopherol, but also improved the bone structure until it was better than the normal control rats. This has led to a study which confirmed that vitamin E, especially tocotrienols, has bone anabolic effects on normal male rats [29] . Tocotrienols were also found to be better than tocopherol in improving the static and dynamic bone histomorphometric parameters [30] . The most recent study found that α-tocotrienol, but not α-tocopherol, prevented osteoclastic bone resorption by inhibiting RANKL expression and blocking RANKL action on osteoclast precursors [31] .
Although in vivo studies showed that tocotrienols exhibit bone-protective activity, there is paucity of in vitro studies to determine the effect of tocotrienols on bone cells. Low doses of γ-tocotrienol were found to be better than α-tocopherol in protecting rat osteoblasts against H 2 O 2 toxicity. However, higher doses of γ-tocotrienol were found to be toxic to rat osteoblasts [28] . This paradoxical effect of γ-tocotrienol needs further investigation on how the protective effects were not only lost at high dose of γ-tocotrienol, but it became toxic to osteoblasts.
It was suggested that at high dose, tocotrienol may become pro-oxidant or proapoptotic, which may be responsible for its toxic effects on osteoblasts. In order to confirm this, the study was focused on determining the effects of low and high doses of γ-tocotrienol on the index of lipid peroxidation and apoptosis of osteoblasts.
Materials and Methods

Culture of Osteoblasts.
Osteoblasts were isolated using the explant culture method [32] . Briefly, Sprague-Dawley male rats (after weaning, 4-6 weeks old, weight 40-60 g) were sterilely dissected, and the long bones (femur, tibia, fibula, radius, and ulna) were collected and scraped until cleaned from the remaining muscle and connective tissues. The bones were cut into small pieces (1-2 mm) and sterilized in 50 μg/mL gentamycin (Sigma) in PBS. The bone pieces were then digested with collagenase solution (type IA, Sigma) (2 mg/mL in DMEM) for 2 hours in shaking water bath (37 • C, 150 rpm) to remove the remaining soft tissues. The bone pieces were then rinsed with PBS before plated into 25 mm 2 flask containing 5 mL DMEM (10% FCS, 50 μg/mL gentamycin) and incubated in CO 2 incubator (37 [32] .
The doses of γ-tocotrienol used were based on previous study. These doses were able to cover both spectrums of γ-tocotrienol activities at low and high doses [28] . Every concentration was repeated triplicate, using 3 different osteoblast cultures.
MDA Levels.
The MDA level was measured using Biotech LPO-586 (OxisResearch, US) based on the reaction of a chromogenic reagent, N-methyl-2-phenylindole, with MDA at 45
• C which yields a stable chromophore that can be measured at the absorbance of 586 nm. Briefly, 1 mL of cell supernatants that were obtained by scraping, sonicating, and centrifugation (3000 ×g, 10 min) of cells monolayer (1 × 10 7 cells) in cold environment (4
• C) was mixed properly with 650 μL R1 reagent (N-methyl-2-phenylindole in acetonitrile diluted 3 times with ferum ion solution in methanol) and 150 μL concentrated HCl (12N, 37%). The samples were then heated in water bath (45 • C, 60 min) before centrifuged (15 000 ×g, 10 min) to obtain the supernatants that were measured spectrometrically (586 nm).
Glutathione Peroxidase Activity.
Glutathione peroxidase (GPx) activity was measured using the Glutathione Peroxidase Assay Kit (Cayman Chemical, US). The kit measures GPx activity indirectly by a coupled reaction with glutathione reductase (GR). Oxidized glutathione (GSSG), produced upon reduction of hydroperoxide by GPx, was Evidence-Based Complementary and Alternative Medicine 3 recycled to its reduced state by GR and NADPH. The oxidation of NADPH to NADP + is accompanied by a decrease in absorbance at 340 nm. The rate of decrease in the absorbance is directly proportional to the GPx activity in the sample. Briefly, 20 μl of cell supernatants that were obtained by scraping, sonicating, and centrifugation (10 000 ×g, 15 min) of cells monolayer (2 × 10 6 cells) in cold environment (4
• C) was added with 100 μL assay buffer (50 mM Tris-HCl, pH 7.6 contains 5 mM EDTA) and 50 μL cosubstrate mixture (NADPH, glutathione, and glutathione reductase) in a 96-well plate. The reaction was started by adding 20 μL cumene hydroperoxide and the absorbance (340 nm) measured kinetically every minute for 5 minutes by using ELISA reader (Versamax, US). GPx activity was calculated by using the formula
where Δ A340 min was the difference of absorbance calculated by using the formula 
GPx activity was stated in nmol/min/mL by assuming that 1 unit of enzyme oxidizes 1 nmol of NADPH to NADP + at 25
• C.
Superoxide Dismutase Activity.
The superoxide dismutase (SOD) activity was measured using the Superoxide Dismutase Assay Kit (Cayman Chemical, US). The kit utilizes a tetrazolium salt for detection of superoxide radicals generated by xanthine oxidase and hypoxanthine. One unit of SOD is defined as the amount of enzyme needed to exhibit 50% dismutation of the superoxide radical. Briefly, 10 μl of cell supernatants that were obtained by scraping, sonicating, and centrifugation (15 000 ×g, 5 min) of cells monolayer (2 × 10 6 cells) in cold environment (4 • C) was added to 200 μL radical detector (50 μL tetrazolium mixed with 19.95 mL assay buffer, i.e., 50 mM Tris-HCl, pH 8.0 contained 0.1 mM DTPA and 0.1 mM hypoxanthine). The reaction was started by adding 20 μL of xanthine oxide in a 96-well plate. The plate was gently shaken and incubated (20 min, room temperature) before the absorbance (450 nm) measured by using ELISA reader (Versamax, US). Standard curve of linearize rate (LR) of absorbance versus SOD activities was plotted, and the SOD activities in the samples were calculated by using the formula SOD U mL
The linearized rate (LR) was calculated by dividing all the absorbance values with standard absorbance value (SOD 0.0 U/mL). 
CAT activity was expressed in nmol/min/mL by assuming that 1 unit of enzyme produces 1 nmol of formaldehyde at 25 • C. 
Protein Content Determination.
Protein content determination used in the analysis of MDA levels and GPx activity was measured by the method of Bradford [33] .
Statistical Analysis.
Every concentration was repeated triplicate and using 3 different osteoblast cultures with comparable results. All data were analyzed by one-way ANOVA by using SPSS version 13 software and expressed in mean ± standard deviation. P < 0.05 was considered significant.
Results
MDA Levels.
Exposure of osteoblasts to 490 μM H 2 O 2 for 2 hours significantly increased the MDA levels compared to the control group. Pretreatments with γ-tocotrienol prevented MDA elevation induced by H 2 O 2 in a dosedependent manner (Figure 1 ).
GPx Activity.
Exposure of osteoblasts to 490 μM H 2 O 2 for 2 hours significantly reduced the GPx activity compared to the control group. The group pretreated with 1 μM γ-tocotrienol had the highest GPx activity compared to other groups, while the pretreatment with 10 and 100 μM γ-tocotrienol did not prevent the reduction in GPx activity induced by H 2 O 2 . The group pretreated with 100 μM γ-tocotrienol also had the lowest GPx activity compared to other groups (Figure 2 ).
SOD Activity.
Exposure of osteoblasts to 490 μM H 2 O 2 for 2 hours significantly reduced the SOD activity compared to the control group. Pretreatment with γ-tocotrienol at doses 1, 10, and 100 μM for 24 hours had prevented the reduction of SOD activity induced by H 2 O 2 ( Figure 3) .
CAT Activity.
Exposure of osteoblasts to 490 μM H 2 O 2 for 2 hours significantly reduced the CAT activity compared to the control group. Pretreatment with γ-tocotrienol at 
Caspase-3 Activity.
Exposure of osteoblasts to 490 μM H 2 O 2 for 2 hours significantly increased the caspase-3 activity in the cells compared to the control group. Pretreatment with 1 and 10 μM of γ-tocotrienol prevented the increase in caspase-3 activity induced by H 2 O 2 , but pretreatment with 100 μM resulted in the highest caspase-3 activity compared to other groups ( Figure 5 ). with 1 and 10 μM of γ-tocotrienol for 24 hours significantly reduced ssDNA levels when compared to the control group and H 2 O 2 groups. However, pretreatment of 100 μM γ-tocotrienol resulted in the highest ssDNA level compared to other groups ( Figure 6 ).
Discussion
Lipid peroxidation is closely associated with osteoporosis. Parhami et al. [4] showed that the lipids that accumulated in human osteoporotic bones were oxidized and become hazardous to the bone cells. The lipids accumulation and oxidation may reverse the normal control of the local biomineralization process, by encouraging calcification in soft tissue and osteolysis [34] . Oxidized lipids promoted bone resorption [35] by promoting recruitment and differentiation of osteoclast precursor and inhibition of osteoblasts differentiation [36] . The present study showed that the MDA level of osteoblasts exposed to H 2 O 2 was elevated. Similar increase in the MDA levels was reported in MC3T3-E1 preosteoblast cell line [14] and bone marrow stromal cells [37] when exposed to H 2 O 2 . Both the H 2 O 2 and lipid peroxidation levels were reported to be elevated in the femoral tissue homogenate of ovariectomized rats [38] . In the present study, pretreatment with γ-tocotrienol prevented the MDA elevation of osteoblasts exposed to H 2 O 2 in dose-dependent manner. The antilipid peroxidation property of vitamin E is contributed by the phenolic hydroxyl group of vitamin E which easily donates hydrogen atoms to 6 Evidence-Based Complementary and Alternative Medicine the peroxyl radical, thus creating a more stable lipid species. The efficiency of this protective mechanism is dependent on the mobility of vitamin E in the membrane and its ability to contribute electrons, which is determined by the aliphatic side chains and the number of methyl groups on the chromanoxyl ring, respectively [39] .
Tocotrienols were reported to exhibit antilipid peroxidation activity in liver cells [40] , brain cells [41] , red blood cells [42] , and low-density lipoprotein (LDL) [43] . Tocotrienol was better than tocopherol in protecting HUVEC cells exposed to arachidonic acid [43] and RAT-1 fibroblasts exposed to H 2 O 2 [44] . In an in vivo study, Maniam et al. [45] found that the femoral bone TBARS levels decreased dose dependently with palm tocotrienol supplementation.
Serbinova et al. [46] suggested that tocotrienol has superior antioxidant activity than tocopherol due to the more uniform distribution in the membrane bilayers and higher displacement of the membrane lipids. Palozza et al. [44] hypothesized that the unsaturated double bonds of tocotrienol enable trapping of radicals in both hydrophilic and lipophilic compartment, facilitating its absorption [47] and mobility [44] in the cell membrane.
The present study found that H 2 O 2 significantly reduced the GPx, SOD, and CAT activities, indicating disruptions of the endogenous antioxidant enzymes. Similar findings were demonstrated with pheochromocytoma cell lines (PC12) [48] , HUVEC cells [49] , rat hepatocytes [50] , bone marrow stromal cells [37] , and MC3T3-E1 cells [51] . The antioxidant enzyme was used up to eliminate the lipid peroxidation products or deactivated and glycated by the radicals [52, 53] . Therefore, exogenous antioxidants such as vitamin E are required to assist endogenous antioxidants in eliminating free radicals and reactive species. Vitamin E is also involved in the glutathione redox cycle which allows glutathione to be regenerated [54, 55] .
In the present study, all doses of γ-tocotrienol prevented the reductions in osteoblastic SOD and CAT activities, but only the dose of 1 μM of γ-tocotrienol prevented the reduction in GPx activity. The restoration of the antioxidant enzymes activities may be contributed by the ability of vitamin E to elevate the mRNA expression of these enzymes under stressful condition [56] . Another possibility is that vitamin E may have stabilized the mRNA of antioxidant enzymes after transcription process and enhanced the translation of the derived enzyme proteins [57] . The antioxidant enzymes expression may have been modulated by vitamin E via peroxisome proliferator-activated receptors γ (PPARγ) and nuclear factor-kappaB (NF-κB) [58] .
Unexpectedly, there was a paradoxical reduction in the GPx activity with the high dose of γ-tocotrienol. Antioxidants can become pro-oxidants at certain concentrations or with the presence of oxygen or metal ions [59] . Mazlan et al. [60] suggested that at high concentrations, γ-tocotrienol turns to pro-oxidant and causes toxicity to astrocytes. Low concentration (0.3 mM) of vitamin C induced the differentiation of preosteoblasts (MC3T3-E1) [61] , but at high concentration (1 mM), it increased oxidative stress, reduced viability, and caused morphological changes in lung endothelial cells [62] . Other antioxidants were also reported to become pro-oxidant at high concentration such as β-carotene [63] , amyloid β-peptide [64] , and vitamin A [65, 66] . The presence of transition metal ions may cause an antioxidant to become pro-oxidant as in the case of α-tocopherol [67] , amyloid β-peptide [68] , and vitamin C [58] . However, this was unlikely without the presence of transition metal ions in the present study.
The present study found that the activation of the caspase-3 activity may have caused apoptosis of the osteoblasts exposed to H 2 O 2 . This was consistent with a study which found elevation of caspase-3 activity in preosteoblast cell lines (MC3T3-E1) exposed to H 2 O 2 [69] . The apoptosis and caspase-3 activities were found to be elevated in human vascular endothelial cells (ECU-304), bone marrow stromal cells, and HUVEC exposed to H 2 O 2 [37, 49, 70] . Caspase-3 is the main executor of the caspase group that led to the pathway of apoptosis [71] . Caspase-3 induces apoptosis by cleaving DNA repair molecules, degrading antiapoptotic protein, and cleaving the extracellular matrix protein, skeleton proteins, and related molecules [72] . In the present study, the osteoblast apoptosis by H 2 O 2 was associated with the denaturation of osteoblast DNA. H 2 O 2 was found to adversely affect the DNA of MC3T3-E1 cells through the inhibition of DNA synthesis [73] , DNA fragmentation [69] , and nuclei condensation [51] , which are characteristics of apoptosis. It was also reported to inhibit osteogenic differentiation, increase the ROS levels, activate the caspase activity, and eventually induce apoptosis [74] [75] [76] .
Agents that inhibit the production of reactive oxygen species or increase the antioxidant defense may prevent apoptosis and protect cells from oxygen radicals damage [77] [78] [79] . In the present study, low concentration of γ-tocotrienol was able to protect osteoblasts from H 2 O 2 induced apoptosis, but α-tocopherol was not able to do so. This was consistent with studies which found that low concentrations of γ-tocotrienol (1 and 10 μM) were able to protect rat primary astrocytes [60] , rat primary cerebellar cells [80] , rat primary cortical neuronal cells, and SH-SY5Y cells [81] from H 2 O 2 -induced apoptosis. Paradoxically, higher concentration of γ-tocotrienol (100 μM) was found to promote osteoblast apoptosis. This was reflected with the excessively high caspace-3 activity of osteoblast treated with 100 μM of γ-tocotrienol. According to Then et al. [80] , H 2 O 2 activated both the intrinsic pathway through caspase-9 and extrinsic pathway through caspase-8 before they activate caspase-3. The present study confirmed that γ-tocotrienol had caused apoptosis via activation of caspace-3, but the actual pathway is not well understood [82] .
There is still a question regarding the cause of tocotrienol to become proapoptotic at high concentration. Birringer et al. [83] found that HepG2 cells metabolized tocopherols and tocotrienols to short-and long-chain metabolites, with greater tocotrienol metabolites being produced. Recently, a study has found that the tocopherol metabolite of long chain (13 -carboxychromanol) was a strong inducer of apoptosis [84] . Although there was no studies done to confirm Evidence-Based Complementary and Alternative Medicine 7 this, tocotrienol metabolites may have contributed to the proapoptotic effect of tocotrienol. At low concentrations, γ-tocotrienol prevented apoptosis by increasing the endogenous antioxidant capacity, reducing lipid peroxidation, inhibiting the apoptosis pathway, and reducing the DNA fragmentation. Nanomolar concentrations of tocotrienol have been found to inhibit apoptosis pathway signals including src kinase [85, 86] and 12-lipoxygenase [87] .
Based on the result of the present and previous studies, the toxic effects of γ-tocotrienol may have been contributed by its proapoptotic effects at higher doses. Although high dose of γ-tocotrienol reduced the glutathione peroxidase activity, the lipid peroxidation level was still suppressed. At low doses, γ-tocotrienol has potential to be used for the treatment and prevention of diseases related to oxidative stress including osteoporosis. However, at high doses, γ-tocotrienol may be toxic to cells by promoting apoptosis. This paradoxical effect of γ-tocotrienol at high doses may be useful for killing cancer cells.
In conclusion, low doses of γ-tocotrienol (1 and 10 μM) offered osteoblasts protection against H 2 O 2 -induced oxidative stress and apoptosis. Paradoxically, high dose of γ-tocotrienol (100 μM) reduced glutathione peroxidase activity and promoted apoptosis. Further studies are required to determine the exact apoptosis pathway involved and possible involvement of the tocotrienol metabolites.
